Planar optical waveguides are the key elements in a modern, high-speed optical network. An important problem facing the optical fiber communication system, specifically planar optical waveguides, is coupling. The current study presents a coupling model for planar optical waveguides and optical fibers. The various effects of the optical properties of the coupling interface were analyzed by the scalar finite difference beam propagation method, including the thickness, with or without the matching refractive index of the interface adhesive. The findings can serve as a guide for planar optical waveguide packaging.
Introduction
Planar optical waveguides refer to the fabrication and integration of several optical components on a common planar substrate, such as beam splitters, optical switchers, variable attenuators, interleave filters, and wavelength multiplexers [1, 2] . Planar optical waveguides have the advantages of low transmission loss, low connection loss to optical fibers, compact size, high reliability, and high reproducibility. They stand at the frontier of development and can provide important support to the next generation of optical information technology.
Planar optical waveguide packaging involves bonding dozens or even hundreds of optical channels, with crosssections of 4 × 4 μm to 8 × 8 μm, to single mode optical fibers, with a core diameter of 8 -9 μm, as shown in Figure 1 . Different bonding methods to connect the planar optical waveguides to the optical fibers, such as adhesives, welding, soldering, metal oxide bonding, and anodic bonding, have been tested in planar optical waveguide packaging [1, [3] [4] [5] . Among the bonding methods, ultraviolet (UV)-cured adhesives offer several advantages, such as low cost, strong bonding, and excellent reliability.
UV-cured adhesives have two functions: to bond planar optical waveguides and optical fibers together, and to act as a light propagation medium in optical paths [4] . As a bonder, adhesives should provide strong and stable adhesion, and maintain their mechanical properties at a certain level while avoiding failure under all the conditions in an optical fiber communication system. As a light propagation medium, adhesives should be transparent at the wavelength used for optical fiber communication and be able to combine a wide range of wavelengths and optical power with long-term stability. Unfortunately, the optical properties of the coupling interface between a planar optical waveguide chip and the optical fibers are sensitive to adhesive properties (e.g., adhesive thickness, refractive index, and shrinkage of adhesive). Therefore, in this paper, the various effects of the optical properties of coupling interface are analyzed by the scalar finite difference beam propagation method, including the thickness of the interface adhesive, with or without the matching refractive index of the adhesive.
Scalar Beam Propagation Analysis
The beam propagation method is a particular approach , in a three-dimensional waveguide, the beam propagation method satisfies the scalar equation as follows [6, 7] :
where is the propagation direction of waves, z  is the angular frequency, is the refractive index of the incident medium, 0 is introduced for the spatially-dependent wave number, and is the wave number in free space. If
is the constant number to be chosen to make , where is slowly varying. 
The three propagation media in the coupling interface between the planar optical waveguide chip and optical fibers are the core of the optical fiber, adhesive, and core of the planar optical waveguide chip. To facilitate calculation, only the electric field E is considered. The magnetic field H can be calculated in the same way as the electric field E. The propagation field may be discontinuous in the coupling interface. The boundary can be given by:
where is the normal direction of input light, 1 and 2 are the electric field of the first and second media, respectively, and 1 and 2 are the electric flux density of the first and the second media, respectively.
Results and Discussion
The light coupling between a planar optical waveguide chip and an optical fiber can be calculated by the overlap integral of the optical field distributions in a reference plane. As the goal of the present study is to understand the properties of the coupling interface for planar optical waveguide packaging, a sample model, as shown in fractive index of the fiber core and cladding is 1.4494 and 1.445, respectively, at a wavelength of 1.31 μm (Δ = 0.3%). The refractive index of the planar optical waveguide core and cladding is 1.4486 and 1.445, respectively, (Δ = 0.25%) [2, 8] . The diameter of the fiber core is 8.2 μm, and the planar optical waveguide core dimension is 8 × 8 μm. The adhesive has excellent transmittance at a wavelength of 1.26 -1.65 μm, which is the optical communication wavelength.
The coupling loss at the coupling interface is calculated using the scalar BPM algorithm. The coupling loss in optical power through a connection is defined similarly to that of signal attenuation through a waveguide. Coupling loss is also a log relationship. The coupling loss (C.L.) in optical power through a connection is defined as:
P o is the power emitted from the source optical waveguide in a connection. P i is the power accepted by the connected optical waveguide. In any fiber optic connection, P o and P i are the optical power levels measured before and after the joint, respectively. Figure 3 shows the coupling loss of an optical fiber and a planar optical waveguide chip with respect to the refraction index of the adhesive for different adhesive thicknesses. The present study assumes that no lateral misalignment and angular misalignment exist between the optical fiber and the planar optical waveguide chip. Moreover, the propagation wavelength is considered 1.31 and 1.55 μm (optical communication wavelength). In Figure 3(a) , at a wavelength of 1.31 μm, the coupling loss is less than 0.12 dB for the adhesive thickness of less than 9 μm. When the adhesive thickness is greater than 9 μm, the slope of the variation is large. In Figure  3(b) , at a wavelength of 1.55 μm, the coupling loss is less than 0.01 dB for various adhesive thicknesses, and the slope of the variation is small.
Refractive Index and Thickness of Adhesive
As shown in Figure 3(a) and (b) , a large adhesive thickness leads to a high coupling loss; upon increasing the adhesive thickness from 0 to 15 μm, the coupling loss increases about 60%. Figure 3 shows that coupling loss is not equal to 0 when the adhesive thickness is 0. This finding is due to the non-matching mode fields of the optical fiber and the planar optical waveguide chip; the optical fiber core is round, whereas the planar optical waveguide chip is square. The coupling loss of an optical fiber and a planar optical waveguide chip is no more than 0.1 dB per coupling point. Thus, controlling the adhesive thickness at less than 10 μm is recommended. Furthermore, coupling loss is not sensitive to the refractive index of the adhesive if the adhesive thickness is less than 10 μm. Figure 4 shows the relationship between propagation wavelength and coupling loss with different refractive indexes of the adhesive when the adhesive thickness is 5 and 9 μm. As the adhesive thickness increases, so does the coupling loss. Wavelength-dependent loss (WDL) is linked to the uniformity of coupling loss in the considered spectral bandwidth. It is defined as the difference in dB between the maximum and minimum values of cou- pling loss due to the variation of the propagation wavelength. WDL is calculated as follows:
Propagation Wavelength
Figure 4(a) shows that for the adhesive thickness of 5 μm, the WDL is no more than 0.09 dB, whereas the refractive index of the adhesive changes from 1.00 to 1.60. When the adhesive thickness is 9 μm, as shown in Figure  4 (b), the WDL is no more than 0.12 dB, whereas the refractive index of the adhesive changes from 1.00 to 1.60. According to GR-1221-CORE, the coupling loss changes no more than 0.2 dB over a full optical spectrum from 1.260 -1.625 μm [9] . This finding indicates that the refractive index of the adhesive has little effect on the WDL of the planar optical waveguides.
Conclusions
The various effects of the optical properties of the coupling interface between a planar optical waveguide and optical fibers are analyzed by the scalar finite difference beam propagation method, including the thickness of the interface adhesive, with or without the matching refractive index of the adhesive. The following can be con-cluded:  A large adhesive thickness leads to high coupling loss.
Upon increasing the adhesive thickness from 0 to 15 μm, the coupling loss increases about 60%.  The coupling loss of an optical fiber and a planar optical waveguide chip is no more than 0.1 dB per coupling point. Thus, controlling the adhesive thickness at less than 10 μm is recommended.  The refractive index of the adhesive has little effect on the wavelength-dependent loss of planar optical waveguides when the refractive index of the adhesive changes from 1.00 to 1.60.
